Introduction
Collective electron oscillations in metals enable optical excitation based on the interaction of the conduction electrons in metals with the incident electromagnetic field. Such plasmonic interactions are of fundamental importance, as they allow for confining fields beyond the diffraction limit [1, 2] . As a result, today plasmonics is exploited in a wide range of applications spanning from waveguides to transmission apertures to imaging to spectroscopy and to biological sensors.
In some applications such as optical data storage, to increase the data capacity, shorter wavelengths are being used because in traditional optical systems the focused light is constrained with the diffraction limit [3, 4] . On the other hand, plasmonic applications such as waveguides and transmission apertures help us to confine light in a region smaller than the diffraction limit. However, resulting electromagnetic excitations die out very quickly as we move away from the plasmonic structure. Therefore, obtaining highly localized field is a requirement for plasmonic applications. Plasmonic structures such as optical antennas accomplish this requirement by obtaining field spots at very high intensities in a region beyond the diffraction limit [5] . Consequently, they offer a wide variety of important applications including scanning near field optical microscopy, ultra-high density data storage and very sensitive optical detectors.
Recently, optical antennas of various geometries such as rod [6] , split ring resonator (SRR) [7] , E-shape [8] , V-shape [9] , spherical [10] , elliptical [11] , etc. have been reported in literature. Among them dipole and bow-tie nanoantennas have been investigated mostly because of their easy geometries [12] [13] [14] [15] [16] . Single nanoantennas and/or array of such nanoantennas with these geometries have been studied both numerically and experimentally.
In this work, we propose comb-shaped split ring nanoantennas that resonate at much longer wavelengths than the single dipoles or the array of such dipoles with the same side lengths along the incident field polarization. In these comb-shaped designs, the field intensity enhancements inside the gap regions are significantly increased compared to the cases of a single or array of dipoles, despite the fact that their side lengths are considerably reduced with respect to their resonance wavelengths. Moreover, these nanoantennas can also resonate around the same frequency band as that of a single dipole or array of dipoles with comparable levels of field enhancement. Therefore, the proposed comb-shaped nanoantennas can be useful for multiband applications.
Simulation method and geometry
Previously, we examined optical antennas having split ring resonator architecture [7] and observed a large field enhancement with a simple connection that allows for continuous current flow. Inspired by this observation, we implement a comb-shaped architecture, which was previously studied as a nested split ring resonator for sensing in the RF range [17] . Here, different than the previous reports, we aim at increasing the field localization inside gap regions of the comb-shaped resonator at multiple frequency bands. Therefore, we numerically study these nanoantennas made of gold (Au) on silica (SiO 2 ) with a varying number of comb teeth and compare their performance with that of a single and array of dipoles. As an example, the structures of a comb-shaped nanoantenna with two teeth and a three-dipole nanoantenna array are depicted in Fig. 1 . In our designs, we use SiO 2 as our substrate because of its low cost and fabrication compatibility. The real and imaginary parts of its refractive index are set to constant values 1.4 and 0, respectively. Hence, we model the substrate to be transparent over a wide wavelength regime including visible, NIR and MIR spectra and make the resonance dependency on the antenna structure more obvious. Also the metal is selected as Au [18] because of its high melting temperature and well known optical properties over the same wide wavelength region. In addition, each dipole and each comb tooth have 100 nm long, 40 nm thick (t) and 40 nm wide (w) arms, and each gap (g) is 30 nm long. Thus we have dipoles and comb teeth with a side length (l) of 230 nm. Also the separation of each dipole in array antennas and each tooth in comb antennas (center to center distance) in y-direction (s) are set to 100 nm. These geometrical parameters are kept constant in all our simulations to prevent unfair comparisons.
In our simulations, the antennas are illuminated from the substrate side with a plane wave polarized along the x-direction and we examine the field enhancement at the gap center points over a wide wavelength regime spanning from 400 to 7000 nm by using finite-difference time-domain (FDTD) tool (Lumerical Solutions Inc., Canada). The field intensity enhancement at the gap center point is calculated by 
where E gap is the field at the gap center point and E inc is the incident field. In our 3D simulations, the gap regions and the remaining metal parts of antennas are meshed uniformly with 1 and 2.5 nm mesh sizes, respectively, and the computation domain is truncated using perfectly matched layers (PML).
Results and discussion
The evolution of our comb-shaped nanoantenna design is illustrated step by step in Fig. 2 starting from a single dipole to a comb-shaped nanoantenna with four teeth. As can be seen from Fig. 2 , the starting point of our simulations is a single dipole nanoantenna, whose resonance behavior calculated at its gap center point is shown in Fig. 3 . Based on the simulations, the maximum field intensity enhancement of a single dipole nanoantenna is 294.1 at the resonance wavelength of 740 nm. Subsequently, the intensity enhancements at the gap center points of two-and three-dipole arrays are studied. Because of interactions between the antennas, the intensity enhancement spectrums of dipoles change. In the two-dipole array, a single peak is observed at the resonance wavelength of 760 nm with an intensity enhancement value of 130.4 at the gap center points of antennas. On the other hand, in the three-dipole array, two peaks arise at the gap center point of the inner antenna at resonance wavelengths of 700 and 760 nm. At these resonance wavelengths, the field intensity enhancements of 31.6 and 103.4 are recorded, respectively. However, at the gap center points of the outer dipoles only a single peak is observed at a resonance wavelength of 730 nm with a field intensity enhancement of 133.4.
As the next step, to increase the field localization inside the gap regions we connect one end of the three-dipole array and obtain the comb-shaped nanoantenna with two teeth as illustrated in Fig. 2(d) . Using the same illumination that is used for a single dipole and array of dipoles, the field intensity enhancements at the gap center points are examined. Table 1 presents the intensity enhancements (IE) and the corresponding wavelengths of the same antenna. As can be seen both from the figures and Table 1 , the most significant field IEs are found to be 2163.7 and 1113.5 inside the outer and inner gaps, respectively, at the resonance wavelength (λ) of 3200 nm. This means that we have the IE levels in the range of 10 3 inside the gaps of about λ/107 using teeth with an electrical length of about λ/14. When compared to the maximum field IE of a single dipole nanoantenna, a field IE of 294.1 is observed in a gap of about λ/25 with an electrical length of about λ/3 at λ = 740 nm resonance wavelength as illustrated in Fig. 3 . Consequently, these results together with the two-and three-dipole array results show that the resonance wavelength of an array of dipoles shifts towards longer wavelengths as we connect one end of the dipoles and obtain the comb-shaped architecture. Moreover, larger field enhancements are observed inside the gap regions of the comb-shaped nanoantenna than that of a single and array of dipoles with the same side length. On the other hand, it is worth noting that significant field IEs are obtained at multiple resonance wavelengths. Apart from the dominant field IE achieved at λ = 3200 nm, the amount of field IEs achieved at smaller wavelengths are also higher or comparable to that of two-and/or three-dipole arrays (for instance, the IE around 730 nm). Therefore, this nanoantenna can be used for multiband applications.
We further study the comb-shaped nanoantennas with three and four teeth for comparison purposes. The resulting peak field intensity enhancements and the corresponding resonance wavelengths inside each gap of the comb-shaped nanoantennas with three and four teeth are tabulated in Tables 2 and 3 , respectively. In all tables (including Table 1 ), the smallest gap number (i.e., the 1st gap) indicates the gap located at the furthest point from the connected end and the gap number increases as the gap is closer to the connecting end. This gap numbering together with the field localizations inside the gap regions of a comb-shaped nanoantenna with four teeth at the resonance wavelength of 5080 nm are illustrated in Fig. 5 (here with the color bar being limited to 300 to guide the eye for the localization of the bright spots). On this plane, we observe that the optical antenna localizes the energy incident over the metallic part into its gaps. Here, x indicates that there are no more peaks in wavelength regime that we consider. Also, IE and λ represent intensity enhancement and resonance wavelength, respectively. The results tabulated in all tables indicate that the main resonance (i.e., the strongest field intensity enhancement) shifts towards longer wavelengths as the number of teeth increases in all comb-shaped nanoantennas. Besides, similar to the two-teeth case, additional resonances at shorter wavelengths are obtained. Some of them are around the same wavelength as that of the single and array of dipoles, and the field IE at these wavelengths are comparable with that of the single and/or array of dipoles.
Finally, studies for comb-shaped nanoantennas have been repeated for different sizes, and similar improved field intensity enhancements as well as multiband properties have been observed.
Conclusion
In this work we numerically study and demonstrate the resonance behavior of comb-shaped optical antennas. It has been observed that the comb-shaped nanoantennas resonate at longer wavelengths, and the total field intensity enhancements at these resonance wavelengths are significantly stronger than those in the dipole cases (single or array of dipoles) when the side lengths are kept the same. Localizing NIR and MIR lights within a region of tens of nanometers can be achieved at an intensity enhancement level of the order of thousands of magnitude by these comb-shaped structures. In addition, in the comb-shaped nanoantennas, as a result of adding comb teeth the main resonance shifts towards longer wavelengths and additional resonances emerge at shorter wavelengths, where these new resonance values are comparable to the dipole antenna resonances. We believe that such comb-shaped optical antennas are promising for applications that require intense optical spots beyond the diffraction limit in NIR and MIR and/or in applications that require multiband strong field localizations.
